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Abstract

The research work first demonstrates modelling techniques for distortion prediction of laser
powder bed fusion (LPBF) using the inherent strain approach implemented in structural finite
element analyses. The prediction of distortion is compared with experimentally measured
results of a thin manifold structure made of Inconel 718. The predicted distortions were used
to verify the right first-time approach for distortion compensation where the thin manifold
structure was first simulated. The distortion was then compensated using mapping techniques
across different source meshes, and the component was finally manufactured using LPBF. Two
components were built, one with compensation and one without compensation. The results
showed that the right first-time approach compensated the distortion for the majority of the
part. There were areas where the compensation was not accurate due to overpredictions of the
distortion.

Keywords: distortion prediction, distortion compensation, finite element method, inherent
strain method

1. Introduction

Additive manufacturing (AM) has attracted significant interest within the last three decades in
addressing the need for time- and cost-effective production in industry [1]. While AM provides
unparalleled features such as design flexibility, removal of material waste, etc., it suffers from
some features like large surface roughness, internal defects, and residual stress. Inconsistent
shrinkage [2] and nonhomogeneous thermal gradients and rapid localized cooling which lead
to residual stress [3] are the causes of part distortion. Residual stresses can be generated when
the material exhibits phase transformations [4]. For example, effect of phase transformation
strain on residual stress of different materials printed using the LPBF technology has been
extensively studied [5-8]. Researchers studied the dependence of the residual stresses in LPBF
on the process parameters such as beam intensity, beam scan velocity, scanning strategy,
process conditions like layer thickness, part size, as well as material and powder properties [9—
11], part geometry [12] and heat transfer [13]. Bartlett and Li [11] classified the main process
parameters affecting the residual stress formation and distortion in LPBF technologies to three
main categories: (1) beam parameters such as power, volumetric energy input and scan speed,;
(2) process condition and geometry considerations such as layer thickness, part geometry and
build plate temperature; (3) scan strategy parameters such as raster pattern, interlayer dwell
time and scanning strategy.

Lack of dimensional accuracy due to presence of residual stresses and distortion is specifically
one of the challenges in LPBF. Hence, the mitigation of residual stresses and distortion in LPBF
has been the focus of research in recent years. Simulation of parts during and after printing is
an effective way to mitigate parts failure due to distortion [14]. Peter et al. [15] from Electro
Optical Systems (EOS) company compared the capabilities of five different simulation
software tools, namely ANSY'S Additive Print, Autodesk, MSC, Additive Works, and Atlas3D,
for the sake of providing strengths and weaknesses of these software, specially to simulate
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distortion in a wide range of test artifacts which were printed by LPBF using compensated parts
suggested by the software tools. The use of dynamic mesh has proven reducing the model size
and computational cost in thermal finite element modelling of LPBF technologies using the
3DSIM tool [16]. Beside 3DSIM, AM simulation tool Pan Computing [17] and finite element
code Deal.ll [18] have used a dynamic mesh for simulation of AM. Machine learning has also
been used for AM simulation [19,20]. Francis and Bian [21] used deep learning approach for
distortion mitigation of laser based AM. Pal et al. [22,23] developed a thermomechanical finite
element frameworks to predict the anisotropic behaviour, residual stress and distortion in parts
in a time-efficient manner. Mukherjee et al. [24] studied, through a coupled thermal fluid flow
and mechanical model, the effects of laser-based AM process variables on the residual stresses
and distortion. They showed that combined effect of increase of the scanning velocity and
decrease of the laser density results in lower thermal strains, hence lower residual stresses.
Mukherjee et al. [25] showed that distortion in laser-assisted AM reduces by decreasing the
layer height and the laser intensity. Williams et al. [26] simulated the temperature and residual
stresses in LPBF using thermo-mechanical numerical analysis. They showed a prediction of
distortion for 316L stainless steel bridge and Inconel 718 cuboidal parts with 5% and 10%
accuracy, respectively. Denlinger et al. [27] used a three-dimensional (3D) thermo-elasto-
plastic analysis to predict residual stress and distortion of a wire-fed electron beam deposited
Ti-6Al-4V part. They demonstrated a stress relaxation incorporated in the model. Biegler et al.
[28] developed a transient thermo-mechanical model for mitigation of distortion of industrial
parts built using directed energy deposition (DED). They showed a reduction of over 65%
distortion for a 316L stainless steel thin-walled turbine blade using numerical simulation after
the geometry has been modified by changing the nodal coordinates of the mesh using predicted
displacements. For large in size geometries, the thermo-mechanical modelling techniques with
the use of a heat source is computationally expensive. This has pushed the development of fast
predictive models. For example, analytical thermal model combined with lumping of layers
and calibration has been proposed and validated to overcome the computational challenges [29].
Another fast predictive approach is the use of an inherent strain. Murakawa et al. [30] were
among the pioneers who utilised the inherent strain method for prediction of deformation and
residual stress in welding using a thermal-elastic-plastic finite element analysis. Huang et al.
[31] used an inherent strain based time-scaling technique in their fast predictive explicit
thermomechanical finite element model of wire and arc additive manufacturing (WAAM).
They envisaged that the method can be used to develop digital twin of WAAM with the purpose
of reducing the time and cost of analysis. Chen et al. [32] proposed a multiscale method in
which inherent strains are employed to pre-scale part distortion in Direct Metal Laser Sintering
(DMLS). They showed that by using their proposed method, the computational time has
substantially reduced. The inherent strain approach has shown accurate predictions of
distortion of Inconel 718 components, e.g. an aero-casing [33] and impeller [34] where the
inherent strains have been directly prescribed without the use of finite element thermal transient
analysis.

The distortion compensation can be achieved by pre-distorting the geometry using the
predicted distortion from the numerical method. The right first-time approach based on
numerical perdition was demonstrated on a turbine blade [29]. Yaghi et al. [35] implemented
a similar analogy of pre-distorting the geometry to compensate for distortion developed due to
the combined effects of AM building process as well as post machining. They mitigated the
distortion of a stainless-steel impeller manufactured by LPBF. An alternative approach is to
use measured data using optics to calculate the distortion and change the geometry [36,37].
This approach requires a physical build to measure the distortion, while the predictive models
can be used to pre-distort the geometry without the need of making a physical build. The main
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challenge in the physics-based predictive models is the accuracy of the prediction, which might
be particularly challenging for thin structures [38].

Despite the conducted research in distortion prediction and compensation in LPBF, the right
first-time distortion compensation of thin structures using predictive models has not been
researched. The current paper builds on the inherent strain approach for prediction of distortion
that has been validated for Inconel 718 industrial components processed by LPBF, i.e. an aero-
casting [33] and an impeller [34]. The inherent strain approach is applied to a thin Inconel 718
manifold structure processed by LPBF in this study. The inherent strain approach was
implemented into two non-linear commercial finite element codes, namely ABAQUS and
ANSYS Mechanical. The main motivation of using two commercial finite element codes was
to benchmark the results with the developed modelling so that greater confidence is obtained
before the predicted results are used for distortion compensation. The predicted distortion has
been used to pre-distort the geometry and compensate distortion. The compensated thin
manifold structure was compared with the data-driven distortion compensation approach
presented in [37].

The novelty of the current paper is the comparison of distortion compensation, using different
material models, from numerical solutions versus data-driven distortion compensation
approach using optically scanned data of a build.

2. Experimental set-up

A thin manifold structure was designed with a height of 210 mm and a thickness of 1.5 mm.
The CAD model was used to create custom generated solid support structure connecting the
part to the build plate. The solid support structures were designed to conduct more heat to the
build plate and reduce the impact of the thermal effects (e.g. potential microstructural changes
due to phase transformation). An EOS M290 (EOS, Krailling, Germany) LPBF AM machine
was used to manufacture the part under an Argon atmosphere, a laser power of 190W, a laser
scanning velocity of 800 mm/s, a layer thickness of 40 um, a hatching distance of 90 um and
a stripe scanning strategy. Preheating temperature of 100 °C to the build plate, and a 10 s dwell
time between two successive deposited layers were applied. There was no post heat treatment
applied to the build plate. The process parameters have been fixed in this study assuming that
distortion compensation is applied in production process. The manifold was printed out of
Inconel 718 powder from LPW Technology Inc. (LPW, Runcorn, UK) with average particle
size between 15-45 um. Virgin gas-atomized powder, from a sealed moisture-proof container,
was used for printing. Bulk density and tap density of the powder were 4.25 g/cm?® and 4.81
g/cm?, respectively. A printed part after compensation and a block sample are shown in Figure
1. After the build completion, the part was optically scanned on the build plate using a blue
light technology embedded in the GOM ATOS Triple Scan optical measurement system
equipped with two 12-megapixel resolution cameras capable of achieving an accuracy of 10
microns. Prior to the scanning of the manifold, the block sample was scanned to calibrate the
blue scanner. The scanned data representing a cloud of points was converted into a surface
mesh and used to calculate the surface deviations.
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Figure 1: LPBF built of a thin Inconel 718 manifold structure

3. Distortion prediction and compensation models

Two commercial software solvers (ANSYS Mechanical and ABAQUS) were used to model
the LPBF build process. The motivation of using these two solvers is that they have been widely
used in the simulation of thermo-mechanical non-linear manufacturing process such as welding.
To simulate part-scale component, the inherent strain approach was implemented to simulate
the build process. Afazov et al. [33] and O’Brien at al. [34] used the inherent strain methods
implemented in ABAQUS to predict the distortion of industrial components made of Inconel
718. Motivated by the accuracy of the predicted distortions for Inconel 718 processed by LPBF,
the same inherent strain approach was implemented in ABAQUS and ANSY'S Mechanical for
the thin manifold structure to understand how sensitive the method is by using different finite
element codes. It should be noted that the inherent strain approach does not consider the thermal
history.

3.1 Finite element models in ANSYS Mechanical

The geometry of the thin manifold structure was imported into ANSYS Mechanical. The
geometry was sliced with 1 mm layers and then meshed with 142,319 ten-node quadratic
tetrahedral elements (see Figure 2). The mesh generated with quadratic tetrahedral elements
better represents the geometrical features in comparison to the use of voxel based elements
where the mesh size is more critical. Considering that the actual layer thickness is 40 pm, this
means that 25 layers are lumped together in the model. The rationale behind this assumption
was to reduce computational time. Also, the same layer thickness was assumed for industrial
components of Inconel 718 and the predicted distortions were in very good corelation with the
experimental results [33, 34]. The build plate and the support structures were modelled by
applying zero displacements in all direction to the bottom surface of the part. This assumption
is representative considering the high stiffness of the build plate and high bending and tensile
stiffness of the support structures due to their solid nature and low height (see Figure 1).
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Figure 2: Sliced and meshed geometry in ANSYS Mechanical: (a) front view (b) side view

Elements for each of the layers were activated using the “element birth” technique. The
“element birth” technique is based on the Lagrangian finite element formulations that are
capable of activation and deactivation of elements. The technique has been implemented into
commercial software solvers and used to model metal deposition, welding and metal powder
bed fusion [39-43]. When the elements were activated, a strain was applied to them. The strain
was applied by changing the temperature from zero to a value of one and assigning the strain
value as a property of the coefficient of thermal expansion.

The element birth technique in ANSYS works based on the principle that all elements are
assigned to the stiffness matrix at the start of the analysis. The “death” elements are represented
by “dummy properties” or properties with a stiffness close to zero. The “birth” element
technique changes the martial properties for the activated elements. The challenge with
simulation of the build process is that all activated elements in the model induce deformations
due to the induced residual stresses. The elements which are not activated do follow the
deformation of the model because they exist in the stiffness matrix. This means that when they
are activated to represent a deposited layer, they will be displaced due to the fact that they are
part of the stiffness matrix and displacements are calculated at the nodal points of those
elements. To mitigate this problem, a boundary condition with zero displacement in the X, y
and z directions is applied to all nodes belonging to the non-active or “death” elements. This
was done by APDL commands in the ANSYS Mechanical environment where all nodes above
the deposited layer were given zero displacements in all degrees of freedom.

As mentioned above, Afazov et al. [33] and O’Brien at al. [34] demonstrated excellent
prediction of distortion using the inherent strain approach. They used elastic-perfectly-plastic
isotropic material model. It is well known that the yield strength in the build direction is lower
compared to the two-transverse directions. The same is valid for the material stiffness which
also shows orthotropic behaviour. To understand how sensitive the distortion prediction is, two
material models were investigated in this study (isotropic and anisotropic). The isotropic
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material model with perfect elastic-plastic material model was applied. The applied strain
values in all directions was determined by the ratio of the yield stress of 620 MPa over the
modulus of elasticity of 170 GPa [33,34]. This resulted compressive strain of -0.0037 was
applied to the activated elements by applying a coefficient of thermal expansion of -0.0037 and
changing the temperature from zero to a value of one in the model. The rational of applying a
compressive strain is to shrink the finite elements to a level where the material yields, and
calculations based on the plasticity theory are conducted to calculate the tensor strains and
stresses. This approach is deferent from the conventional inherent strain approach which relies
on the application of the Hooke’s law to calculate the tensor stressors based on the applied
inherent strain in each direction and the prescribed Young’s modulus.

The second material model implemented in ANSYS Mechanical consist of an orthotropic
elastic model combined with an anisotropic model with perfect plasticity using Hill’s yield
criterion [44]. The orthotropic elastic material properties are obtained from the data for Inconel
718 provided by EOS [45]. The Young’s modulus, the Poisson’s ratio and the shear modules
of the orthotropic elastic material model are given in Table 1. The equivalent (effective) stress
in the Hill’s yield criterion is given by:

6 = \JF (022 — 033)% + G(033 — 011)% + H(011 — 025)% + 2LoZ; + 2MaZ, + 2No},

1)

where & is the equivalent (effective stress); a,1, 0,2, 033, 023, 013, 04, are the stress tensors;
and F, G, H, L, M and N are coefficients given by:

F=§(RL+RL—RL) )
G=§(RL+RL—RL) 3)
H:é(Ri+Ri—RL) @)
L=3(z) ©)
M=3(=) ©)
v=:() Y

The directional yield ratios (Ri1, R22, Rss, Riz, Riz and Rezs) describe the directional
dependencies. They are obtained based on the anisotropic data for Inconel 718 provided by
EOS [45], and the directional yield ratios are given in Tables 2 where an isotropic yield stress
of 620 MPa was used [45]. All anisotropic material properties are applied at room temperature
because the inherent strain approach is not dependent on temperature. The motivation behind
the anisotropic model is to compare the results with the isotropic material model and
understand the impact of the anisotropic effect on the distortion prediction using the inherent
strain method.

Table 1: Anisotropic elastic properties at room temperature based on the data from EOS [45]

Young’s
Modulus

Young’s
Modulus

Young’s
Modulus

Poison
ratio in

Poison
ratio in

Poison
ratio in

Shear
Modulus

Shear
Modulus

Shear
Modulus
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(Ex), (Ey), (E2), the xy the yz the xz (Gxy). Gyz). GXxXx).

GPa GPa GPa plane plane plane GPa GPa GPa

170 170 150 0.3 0.3 0.3 65 57 57
Table 2: Constants for Hill ’s yield criterion obtained based on the data from EOS [45]

Yield Ru Rz Ras Ri2 Ros Ris

Stress, MPa

620 1.2 1.2 1 0.9 0.9 0.9

3.2 Finite element model in ABAQUS

A finite element model using the same mesh generated in ANSYS and boundary conditions at
the bottom surface was developed in ABAQUS. The same isotropic material model with yield
stress of 620 MPa and Young’s Modulus of 170 GPa was used. The same isotropic compressive
strain of -0.0037 was applied for each activated layer using the UEXPAN user-defined
subroutine which enables to prescribe the incremental strain value directly into the solver [34].
This is the same approach as the change of temperature from 0 to 1 and prescribing the inherent
strain value by the coefficient of thermal expansion. The “birth” and “death” element activation
techniques of ABAQUS were utilised. In comparison to ANSYS Mechanical, ABAQUS
reconstructs the stiffness matrix after the elements are activated with the “birth” technique.
This technique activates the elements at the modelled layers. Therefore, no additional boundary
condition was required in this model. As mentioned above, the main aim of developing a model
in ABAQUS is to benchmark the results and understand the sensitivity in distortion prediction
using different finite element codes as well as element activation techniques and the use of
different material models.

3.3 Distortion compensation using mapping

The right first-time distortion compensation approach relies on changing the geometry of the
initially designed thin manifold in the opposite direction without the need of a build, and fully
relying on accurate prediction of distortion. For the distortion compensation, a refined surface
mesh is required in order to capture all predicted local deformations. Therefore, a refined
surface mesh with triangles that have a maximum edge size of 1 mm was generated. The
predicted displacements in the x, y and z directions from the finite element model are mapped
into the refined surface mesh using the element shape function mapping techniques embedded
in the open source code FEDES [46]. The coordinates in the x, y and z directions are changed
in the refined surface mesh by subtracting the mapped displacements. For example, if the
coordinates of a node in the x, y and z directions were [100, 200, 250] and the mapped
displacements from the simulation for that node were [0.2, -0.4, 0.6], the compensated
coordinates are [100-0.2, 200 - (-0.4), 250-0.6] or [99.8, 200.4, 149.4]. The same approach is
applied to all nodes of the refined surface mesh.

4. Results and discussion

The predicted displacements at the end of the build are shown in Figures 3-5 in the x, y, and z
directions for the three finite element models. It can be seen that the predicted patterns are very
similar. The maximum predicted displacements are given in Table 3 where the two isotropic
models implemented in ABAQUS and ANSYS Mechanical predicted identical maximum
displacements in the x and z directions, while the difference in the y direction was less than
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3%. This indicated that the two different element activation techniques in ABAQUS and
ANSYS Mechanical did not affect the predicted distortion, hence both techniques can be used
for the right first-time distortion compensation. The anisotropic material model showed
differences of approximately 5%. As the difference was not significant between the isotropic
and anisotropic material models, the results from the isotropic model were used to compensate
the geometry before printing. The predicted displacements from the ANSYS and ABAQUS
isotropic models were very close. However, the ANSYS results were used for the compensation
of the geometry. As the intention was to understand the right first-time distortion compensation
approach in this study, no validation step was used for the thin manifold structure.
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Figure 3: Comparison of predicted displacements in the x direction: (a) ABAQUS with isotropic
material model; (b) ANSYS with isotropic material model; and (c) ANSYS with anisotropic material
model. Units are in mm.
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Figure 4: Comparison of predicted displacements in the y direction: (a) ABAQUS with isotropic
material model; (b) ANSYS with isotropic material model; and (c) ANSYS with anisotropic material
model. Units are in mm.
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Figure 5: Comparison of predicted displacements in the z (build) direction: (a) ABAQUS with isotropic
material model; (b) ANSYS with isotropic material model; and (c) ANSYS with anisotropic material
model. Units are in mm.
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Table 3: Comparison of predicted maximum displacements

Max. displacement ABAQUS isotropic ANSYS isotropic ANSYS anisotropic
X direction 0.28 0.28 0.26
y direction 0.29 0.30 0.30
z direction 0.62 0.62 0.64

Figure 6 compares the surface deviations for the thin manifold structure with the predicted
shape and the compensated one. It can be seen that the compensated deviations are in the
opposite direction indicating that the mapping step was correctly applied. The compensated
thin manifold structure (Figure 6b), as well as the original design were printed in order to
understand how accurate the predictions were. The data-driven compensation approach applied
to the same thin manifold structure by Afazov et al. [37] was used to compare the accuracy of
distortion compensation using the right first-time approach. Figures 7a, 7b and 7c show the
distortion deviations for the as-build thin manifold without any compensation applied, the
compensated geometry using the isotropic material model with the inherent strain method in
ANSYS Mechanical, and the data-driven distortion compensation results presented in [37],
respectively. It can be seen that the right first-time approach managed to compensate the
distortion for most of manifold. However, the overall compensated distortion was above
+0.25mm. Comparing the predicted deviations (Figure 6a) to the measured deviations (Figure
7a), it can be seen that the model has overpredicted the distortion at the top part of the inner
surface which is the reason for the inaccurate compensation in that area. For the areas where
the predictions were accurate, the compensation worked too.
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Figure 6: Comparison of distortion deviations: (a) Predicted distorted geometry; (b) Compensated
geometry after mapping of displacements. Units are in mm.

(a) (b) (c) R
0.36
0.30
0.23
0.15
0.08
0.00
-0.08
-0.15
-0.23
-0.30
-0.36

| |

Figure 7: Distortion deviations: (a) as-build without any compensation; (b) after compensation using
predicted distortion — right first-time approach; (c) data-driven approach using optically scanned
data [37]. Units are in mm. Note that the grey area represents scanned data where distortion
deviations from the scanned data to the original CAD geometry are not calculated.

The results from Figures 7b and 7c¢ were further analysed by presenting more views and data
points. Figures 8 and 9 show four additional views of the distortion deviations for the right-
first time and the data-driven distortion compensation approaches, respectively. For each of the
presented sides, seven data points were generated at the middle of each face. Analysing the
results for the right-first time approach from Figure 8, the distortion deviations is in the range
of -0.02mm — +0.17mm for the front, rear and the outer side views. The distortion deviations
for the inner side view was in the range of -0.09mm — +0.26mm. In comparison, the distortion
deviations for the data-driven approach from Figure 9 were in the range of -0.08mm —+0.11mm
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for all views. Also, the data-drive approached showed better distribution of the compensated
distortion across the entire manifold geometry.
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Figure 8: Distortion deviation: results from the compensation using predicted distortion — right first-
time approach. Units are in mm.
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Figure 9: Distortion deviation: results from the data-driven compensation using optically scanned data
[37]. Units are in mm.

Despite that the predictive models managed to capture most of the distortion, the presented thin
manifold structure appeared to be a challenging geometry for the prediction of distortion using
the inherent strain method. In contrast, the data-driven approach has shown better results as it
used measured data. However, the data-driven approach requires a physical build. Also,
measurements of internal features which are not accessible by optical systems would not
generate data. This requires mathematical interpolations which could be associated with errors.
This study showed that the right first-time approach has the potential to compensate distortion,
but some limitations in the accuracy still exist in the predictive models of distortion of thin
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structures which are subjected to buckling deformation. Therefore, further research would be
needed to understand the limitations with the distortion predictive modelling techniques on a
wide range of geometries. For instance, investigation of the change of thickness of different in
size and shape hollow structures would be an important step forward to understand the real
geometrical limitations of the predictive models. Knowing the geometrical limitations, a better
decision could be formed which components and geometrical features can be compensated for
distortion using the right first-time approach.

5. Conclusions

Distortion prediction and compensation of a thin manifold structure, made of Inconel 718 and
produced by LPBF, was investigated. The following conclusions were derived:

e The prediction of distortion was conducted in ANSY'S Mechanical and ABAQUS using
the inherent strain method. Both finite element codes showed very similar results in the
prediction of distortion with a difference of less than 3% when comparing the peak
predicted displacements. The predicted displacement distribution was also in agreement.

e Despite the overall positive distortion compensation results, the right first-time
distortion compensation approach using predicted distortions proved to be challenging
for the thin manifold structure as the distortions were overpredicted at the inner face of
the component.

e For distortion compensation in LPBF, the accuracy in predicting the distortion in all
areas of the geometry is key in order to deliver right first-time compensation for the
thin manifold structure.

e The main barrier in the right first-time distortion compensation approach could be the
lack of confidence in the predicted distortions. Therefore, further developments of the
distortion predictive models for LPBF are required to gain more confidence in the
accuracy without the need to print a physical part.

e The further developments can include detailed investigations on the geometrical
limitations that the predictive models face. This will enable to understand which
components and geometrical features can be compensated with the right first-time
distortion compensation approach.

The following future work could be conducted in distortion compensation:

e The repeatability and reproducibility of distortion compensated parts need to be further
tested in order to provide greater confidence in production.

e Improve the distortion compensation approaches where the predictive models for LPBF
could be further enhanced as well as to be combined with machine learning and
experimental approaches to deliver better solutions for distortion compensation.

e Investigation the feasibility of the data-driven and the right first-time distortion
compensation approaches to other additive manufacturing processes (e.g. direct energy
deposition, electron beam powder bed fusion and binder jetting) , where the data-driven
distortion compensation can be directly applied while the right first-time approach
would require the development of accurate physics-based predictive models for
distortion.
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